Abstract: Development and utilization of deep geothermal resources, especially a hot dry rock (HDR) geothermal resource, is beneficial for both economic and environmental consideration in oilfields. This study used data from multiple sources to assess the geothermal energy resource in the Daqing Oilfield. The temperature logs in boreholes (both shallow water wells and deep boreholes) and the drilling stem test temperature were used to create isothermal maps in depths. Upon the temperature field and thermophysical parameters of strata, the heat content was calculated by 1 km × 1 km × 0.1 km cells. The result shows that in the southeastern part of Daqing Oilfield, the temperature can reach 150 • C at a depth of 3 km. The heat content within 3-5 km is 24.28 × 10 21 J, wherein 68.2% exceeded 150 • C. If the recovery factor was given by 2% and the lower limit of temperature was set to be 150 • C, the most conservative estimate for recoverable HDR geothermal resource was 0.33 × 10 21 J. The uncertainties of the estimation are mainly contributed to by the temperature extrapolation and the physical parameter selections.
Introduction
Geothermal energy coexisting with oil and gas started to be utilized, initially for house warming and vegetable greenhouse, in the early 1970s in the Huabei Oilfield [1] [2] [3] . Since 2000, oilfields of Daqing, Shengli, and Liaohe have also put efforts into geothermal energy utilization, and even further, attempted to produce electricity by low-medium temperature fluids (with the temperature lower than 150 • C) [4, 5] . Recently, the development of enhanced geothermal system (EGS) technology has extended to the realm of geothermal resources, e.g., hot dry rock (HDR) geothermal resource. The main benefits to developing HDR in oilfields are that utilization of HDR is already largely in place and little additional investment is required [6] [7] [8] [9] . Because of this reduced exploration and drilling cost, development of HDR geothermal energy in oilfields can become cost competitive.
Daqing Oilfield, in Heilongjiang Province, northeast China, had already produced a total of 1.95 billion tons of oil by 2007 as the largest oilfield of China, with a high and stable yield of around 50 million tons per annum from 1976 to 1997 [10] . However, the production has been decreasing since 1997. The annual production declined from the peak production of 56.0 million tons in 1997 to 41 .6 million tons in 2007-an average decline rate of 2.9% per year. Höök et al. [10] predicted the future oil production in Daqing Oilfield will continue to decline, from 41.6 million tons in 2007 to 8 .0 million tons in 2060. However, in contrast to the continuous reduction of the oil production, the water production has increased since 1996 and has sustained a high level since 2001 [11] . That will be difficult and challenging for the Daqing Oilfield with an average workforce of 250,000, especially under the background of sustainable lower oil price and increasingly stringent environmental requirements.
To cope with the crisis, the management of the Daqing Oilfield has been very much aware of the importance to build a green oilfield, which keeps a balance in the relationship resource exploitation and environmental protection in the oilfield. Geothermal energy is exactly what the management can choose for fulfilling the goal. Besides, the Daqing Oilfield is extremely abundant in medium to high enthalpy geothermal resources. The Daqing Oilfield is located in the northern part of the central Songliao basin, and beneath it a mantle pillow has developed due to upwelling of the upper mantle [12, 13] . The region became a hot spot in the crust with high geothermal gradients, with an average value of 38.7 • C·km −1 [14] . The development of geothermal resources in the oilfield owns unique advantages, both at the stages of exploration and development.
A series of drilling stem test (DST) temperatures in Daqing Oilfield was published and a contour map of the average geothermal gradient was generated [15] [16] [17] . Liu et al. [18] compiled and investigated all these data and updated the isothermal map of the Daqing Oilfield. However, all previous studies were focused at the depths between 0 and 3 km. As the gradient strongly steepens at greater depths, as determined by the thermal conductivity of strata, using the average gradient extrapolated to the deeper temperature may cause great errors.
In this study, geothermal resource assessments were conducted within the northern central depression of the Songliao basin (Figure 1 ), where most of the oil drillings were located. The new continuous equilibrium temperature logs were created, incorporating DST temperature data collected in the Daqing Oilfield; distribution of temperature from 3 to 5 km was established; and the total geothermal resource at depths from 3 to 5 km with temperature exceeding 150 • C was assessed. Finally, herein uncertainty analysis and suggestions for exploration of geothermal energy on the oilfield are proposed.
Data Source
On Daqing Oilfield large amounts of wells have been drilled, and high-quality DST temperature data has been collected from a portion of the wells. Meanwhile, a fair number of wells have non-equilibrium bottom hole temperature (BHT) measurements. However, for commercial and security reasons, obtaining these temperatures is not easy. In this study, two types of temperature data were used: (1) high-precision temperature logs; and (2) DST temperatures, a tool left stationary for a period of time that collects formation fluid flowing from the well wall and gives the most accurate measurement of down-hole formation temperature shortly after drilling [19] .
High-resolution continuous temperature logs were obtained from 25 shallow water wells (coded as WW1-WW25 in Figure 1 ) and 3 deep geothermal wells (coded as SK-2, W01, and W02 in Figure 1 ). The borehole temperature was measured using a cable system, which consists of a 42.9 mm diameter platinum sensor and a 5000 m long cable. The system allows temperature recording to a sensitivity of 0.01 • C, at a limiting accuracy of 0.1 • C. During the measurements, the downward speed was set at 6.5 m·min −1 and temperature data was recorded in the water-filled boreholes [20] .
A total of 55 DST data from 25 oil wells were collected, which are shown in Figure 1 as the red spots. The data published by Wu and Xie [15] , Wang et al. [16] , Zhao [21] , and Zhu [17] were also included in this study, shown in Figure 1 as the dark spots. The well locations are even and dense enough on a planar distribution for a temperature field study. In total, temperature data from 66 wells were applied in the calculation of temperature distribution in the Daqing Oilfield. temperature log of well SK-2 gives a precise temperature profile of the central depression with a depth of more than 4000 m. The temperature logs are shown in Figure 2 . The temperature increases linearly with depth on the temperature-depth profiles of the deep wells, which represents a typical conductive temperature log. While a portion of shallow water wells exhibit a convective-type temperature log, on which temperature rapidly increases or decreases in local-depth intervals. These convective temperature logs were excluded from temperature extrapolation due to the distribution of groundwater activities. Thus, the occurrences of groundwater activities have been removed from the analysis, and conductive profiles will be only depending on the physical properties of the geological units. The temperature log of well SK-2 gives a precise temperature profile of the central depression with a depth of more than 4000 m. , and W2 were newly measured in this study. W3-W6 are from Zhu [17] , W7 and W8 are from Zhao [21] , W9 and W10 are from Wu and Xie [15] and Liu et al. [18] , and W11-W15 were extracted from oil test report.
The study area-in the northern part of the central depression zone in Songliao basin-is where the subsidence and depositional center of the basin is located (Figure 1 ). The thickness of the sedimentary layer is over 7 km. The cross-sections in west-east direction and north-south direction of the study area are shown in Figure 1a [24] . The regional strata mainly consist of the late Jurassic to Neogene (N) sedimentary layers: Huoshiling (K1h), Shahezi (K1s), Yingcheng (K1y), Denglouku (K1d), Quantou (K2q), Qingshankou (K2qn), Yaojia (K2y), Nenjiang (K2n), Sifangtai (K2s), and Mingshui (K2m) formations, and Quaternary (Q), in ascending order [25, 26] . The main strata developed at the depth of 3-5 km are K1h, K1s, K1y, and K2q. The depth of the basement is shallower than 4 km underlying the Central Daqing High and the Sanzhao Depression.
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, and Mingshui (K 2 m) formations, and Quaternary (Q), in ascending order [25, 26] . The main strata developed at the depth of 3-5 km are K 1 h, K 1 s, K 1 y, and K 2 q. The depth of the basement is shallower than 4 km underlying the Central Daqing High and the Sanzhao Depression. 
Methodology
Temperature Extrapolation
The temperature data were measured at various depth from well to well, but 2000 m was the depth where a mass of measurements were concentrated. As the temperature measured at depths greater than 3 km is scattered and uneven, extrapolation of the temperature in a vertical direction is essential for investigation of deep geothermal resources. If the basic parameters (thermal conductivity and radiogenic heat production of different strata) were sufficient, the one-dimensional thermal conductive approaches could be used for extrapolating the temperature to greater depths [27, 28] . Unfortunately, the Daqing Oilfield does not have enough thermal-physical parameters for this calculation. Besides, the geothermal gradient is depth-dependent in the Songliao basin [8] . Thus, the deep temperature cannot simply be extrapolated according to the geothermal gradient measured in the shallow wells.
Temperature gradient in the boreholes with continuous temperature log or more than two DST data points was calculated using linear least squares regression [29] . When only one DST data point was obtained, the gradient was calculated by:
The T 0 is given by 0.8-5 • C, the Z 0 is given by 30 m [17] . Above 2000 m, the temperature gradients in the shallow wells (depth less than 500 m) were obviously gentler than those in the deep wells (average depth greater than 1500 m). In general, the temperature gradient steepened when the depths increased to 2000 m ( Figure 3) . The difference can be considered as a systematic deviation of temperature gradient calculated from the measurements in shallow wells. The temperature gradients then were multiplied by a correction factor, which is determined by the ratio of average gradient of deep oil wells to average gradient of the water wells, to correct the gradients of water wells at the depth of 2000 m. It is notable that points with values higher than 45 • C/km mainly represent the gradients calculated from DST data, which reflect true condition of the strata more accurately. The effect of local climate on shallow water wells is another potential factor responsible for the discrepancy between gradients.
Beneath 2000 m, the temperature gradients were extrapolated using steady-state heat conduction equation. In the simple situation of steady-state (the radiogenic heat production was ignored) heat flow in the layer i and j can be expressed as [30] :
where q, G, and K represent the conductive heat flow, thermal gradient, and thermal conductivity of layer i and j, respectively. In the sedimentary layers with thickness less than 5 km, the heat-flow contribution of the radiogenic heat production will be less than 8 mW·m −2 [15] , which could be ignored when compared with the average surface heat-flow values of 79 mW·m −2 in the Daqing Oilfield [17] . This allows the heat-flow values at various depths of a well to be considered as a constant number. The reverse relationship between thermal gradient and thermal conductivity can be derived from the Equations (1) and (2):
Equation (4) means that the deep temperature gradient can be extrapolated just according to the thermal conductivity of various layers. Compared with the common 1-D steady-state heat conduction method, the radiogenic heat production was ignored. At the central depression zone, lateral variation of thermal conductivity is not as significant as it is in the vertical direction [31, 32] . The thermal conductivity of different depth ranges was given according to Zhang et al. [8] and Wu [33] . Based on the calculated geothermal gradient, one-dimensional extrapolations were applied to estimate the temperature at 5 km depth in each well of the oilfield. Three scenarios were considered separately [34] : (1) when the temperature was measured at a depth greater than 5 km, the temperature is determined by straight-line interpolation between the BHT and the surface temperature; (2) when the temperature's measured depth was shallow than 5 km, the temperature of the upper layers was estimated according to (1) and the temperature at the lower layers was extrapolated from the bottom hole temperature with the equation:
where Z and Z 1 are the depth of known and calculated temperature, respectively, T z and T 1 are the known and calculated temperature, and G z is the temperature gradient of the interval depth. The calculation of deep temperature from the geothermal gradient values is different from common methods used by Blackwell et al. [35] , Wang et al. [36] , and other researchers. The computing process has not considered the radiogenic heat production within 5 km. The results might be slightly higher than actual values, but it is still acceptable since we have seriously considered the decreasing trend of temperature gradient and the actual measurements to corroborate the calculated values within the depths of 4 km, despite the fact that extrapolated depths are limited. The great benefit for this method is that relatively small amounts of data are required for calculation.
The temperature is obtained with the premise of a one-dimensional vertical steady-state, and it represents a steady-state temperature conduction field. Geological processes, including regional groundwater activities, rapid uplift, and erosion of the surface could make the temperature field deviate from the steady conduction dominated temperature field [37] . Furthermore, one-dimensional calculations of deep temperatures cannot reflect the lateral heat transfer in the rock contact zone with different heat conduction rates (uplift and depression contact zone) [38] . The above two factors may cause a significant difference between the calculated temperature and the real temperature, especially in the shallow depth. Thus, in the process of calculation, the convection-dominated temperature logs Energies 2016, 9, 731 7 of 13 were excluded. The dense and even distribution of temperature measurements facilitates a detailed and precise estimation of the lateral temperature variations.
Volumetric Method
The volumetric method is widely used on assessment of geothermal resources in oil and gas reservoirs. It refers to the calculation of thermal energy in the rock and the fluid that could be extracted based on specified reservoir volume, reservoir temperature, and reference or final temperature. However, it was found that the existing volumetric method tends to overestimate the geothermal reserves in oil and gas reservoirs. Thus the effects of oil and gas saturations on the estimation of geothermal reserve in oil and gas reservoirs are necessarily considered [39] .
The heat in situ consists of the heat stored both in the rock skeletons and in the fluid of pores (either water or oil). If the porosity and permeability are extremely low, the heat stored in the fluid in pores is ignorable, the heat will just be stored in HDR, which can be exploited with EGS. The geothermal resource base is actually the heat content of the targeted medium calculated by Equation (6) [40, 41] :
where represents rock density, Cp represents rock specific heat, V is rock volume, T is rock temperature at a specific depth, and Tc refers to the average surface temperature or specific reference temperature.
To calculate the heat in situ, the continental area of China was divided into 1 km × 1 km cells on the horizontal plane and 100 m slices in the vertical direction. The computational units can be considered as 1 km × 1 km × 0.1 km cuboids. For each cell, the parameters were given by the mean value. The total thermal energy Q for all systems (that is, the total mean identified accessible resource base) is simply the sum of the mean thermal energies of the individual systems. All the parameters are listed in the Table 1 . The volumetric method has been widely used in the HDR geothermal resource assessment due to its simplicity and availability. Utilization of the method in the oil and gas reserve need to be modified [42] . For the HDR resource from 3 to 5 km, because of the large resource base and relative low porosity, the effects of oil and gas saturation on the geothermal resource can be ignored.
Results
The Temperature Field
According to the temperature measurements at the depths from 3 to 5 km, the values ranged from 100 to 245 • C. The high temperatures are mainly distributed in the southeastern and central areas (i.e., Central Daqing High and Chaoyang Terrence), while the low temperature areas are localized in the northwestern part (i.e., Qijia-Gulong Depression). In general, from south to north and southeast to the northwest, temperature represents a gradual decrement trend (Figure 4) . The discrepancy in temperature is proximately 40 • C at the depth of 3 km and increases to 80 • C at the depth of 5 km. The horizontal difference is contributed to by the relief of basement [15] . The detailed temperature distributions at depths are described below. 
The Heat Content from 3 to 5 km
If hot dry rock is defined as the rocks in excess of 150 • C, then in other words, 150 • C is set as the lower boundary of temperature for the HDR geothermal resource [43, 44] . The HDR geothermal resource is widely but unevenly developed at a great depth in the study area. The majority of the resource underlies the central part, southern part, and southeastern part of the area, at where the isotherm of 150 • C is shallower than 5 km. The shallowest depth of 150 • C isotherm is 3 km at Chaoyang Terrace. In consideration of the limitation of current drilling technology and economic condition, the study focused on the depths shallower than 5 km. At the range of depth from 3 to 5 km, HDR geothermal resources mainly exist in the central, southern, and southeastern parts of the study area.
In order to ascertain the geothermal resources reserves in Daqing Oilfield, volume method is used to assess the thermal energy. Results show that the total thermal energy from 3 to 5 km is 24.28 × 10 21 J, wherein 68.2% (16.56 × 10 21 ) exceeds 150 • C ( Table 2) . Considering the limitations of economics and technology, the resource within depths from 3 to 5 km, accompanied by an expected temperature of 150-250 • C, can be developed as an HDR geothermal resource. If the conservative recovery factor of 2% is adopted to compute the recoverable energy, according by Sanyal [45] , the limited recoverable resource at this depth is 0.33 × 10 21 J, which is equivalent to 1.330 × 10 13 t standard coal (Note: 1 standard coal is equivalent to 2.930760 × 10 7 J). Herein the recovery factor of 2% is a conservative estimate to the HDR resource from 3 to 5 km. The anticipated factor can be significantly higher than 2%. Thus, the midrange recoverable factor of 20% is more reasonable. That is to say, the recoverable resource is 10 times than the value above. Judging from the temperature of HDR resources at depths of 3-5 km, the HDR geothermal resource with the temperature lower than 150 • C is 7.72 × 10 21 The resource bases at different depth intervals (0.5 km thick each), are shown in Figure 5 . As the temperature increases with depth, the amount of resources is proportionate to the depth. At the depth ranges of 3.0-3.5 km, the temperature of the geothermal resource is up to 180 
Discussion and Conclusions
As the deep strata are lacking in directly measured parameters (temperature, porosity, as well as strata division), the extrapolated parameters inevitably cause much uncertainty of the estimation of heat content in place. The uncertainty analysis of the heat content is to discuss the entire set of possible outcomes and the associated probabilities of occurrence [46] . The uncertainty of the estimation of heat content in place mainly depends on the calculated parameters, including the temperature, density, and porosity.
Due to the high geothermal potentials and low annual average temperature in the Daqing area, development and utilization of deep thermal energy has broad prospects in the Daqing Oilfield. In this study, we focused on the geothermal energy within the depth from 3 to 5 km with the temperature higher than 150 °C. For further recommendation, the basement rocks in this uplifted area could be reached at the depth less than 3 km, which is predicted to be fractured and exhibiting a certain level of permeability. For an economic operation, it is necessary to enhance the network of fractures by stimulation procedures to create a heat exchanger of adequate size. If only the geological conditions are considered, it is feasible to explore HDR geothermal resource in the Daqing Oilfield. This study is focused on the assessment of a static resource base; the portions for economically viable power generation require further research. The contribution of this paper may be drawn as following:
(1) A total of 28 temperature logs were measured, and temperature data from 30 wells were collected, indicating that Daqing Oilfield was located in a geothermal anomalous area, with an average temperature gradient of 34 °C•km −1 . (2) The median deep temperature field (3-5 km) was characterized according to the constraint of 
Due to the high geothermal potentials and low annual average temperature in the Daqing area, development and utilization of deep thermal energy has broad prospects in the Daqing Oilfield. In this study, we focused on the geothermal energy within the depth from 3 to 5 km with the temperature higher than 150 • C. For further recommendation, the basement rocks in this uplifted area could be reached at the depth less than 3 km, which is predicted to be fractured and exhibiting a certain level of permeability. For an economic operation, it is necessary to enhance the network of fractures by stimulation procedures to create a heat exchanger of adequate size. If only the geological conditions are considered, it is feasible to explore HDR geothermal resource in the Daqing Oilfield. This study is focused on the assessment of a static resource base; the portions for economically viable power generation require further research. The contribution of this paper may be drawn as following:
(1) A total of 28 temperature logs were measured, and temperature data from 30 wells were collected, indicating that Daqing Oilfield was located in a geothermal anomalous area, with an average temperature gradient of 34 • C·km −1 . (2) The median deep temperature field (3-5 km) was characterized according to the constraint of multiple-source temperature data. (3) The heat content from 3 to 5 km is evaluated to be 24.28 × 10 21 J. The limit of recoverable HDR resource at the depth interval is 0.33 × 10 21 J, equivalent to 1.330 × 10 13 t standard coal.
